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PUBLIC INTEREST STATEMENT
Crashes on steep downgrades cause extensive damage to lives and property. Highway agencies have continuously sought measures to reduce the occurrence of downgrade crashes. An important intervention has been the use of downgrade warning signs to present information to drivers about downgrades. The Wyoming Department of Transportation (WYDOT) has installed several warning signs on steep downgrades to counter the incidence of downgrade crashes. This study carried out an empirical analysis of Wyoming downgrade warning signs using the negative binomial modeling approach. Two crash prediction models were developed for truck-and non-truck crashes. It was found that truck escape ramp, directional and speed combination, and hill combination warning signs are effective in reducing truck crashes on downgrades. The general presence of downgrade and truck-specific warning signs within downgrades, hill, chevron, and directional and speed combination warning signs were effective in reducing non-truck crashes.
Introduction
Motor vehicle crashes result in the death of more than one million people each year around the world, and between 20 and 50 million more suffer non-fatal injuries (WHO, 2015) . In 2016 alone, there were 34,439 fatal motor crashes in the United States, which resulted in 37,461 deaths (NHTSA, 2018a) . Every year, motor vehicle crashes in the US result in an estimated $230 billion, representing 2% of gross domestic product (NRC, 2004) .
Wyoming has the highest fatality (24.7 deaths per 100,000 population) and truck-related crash rates in the US (Weber & Murray, 2014) . These high rates result from the relatively high amount of through truck traffic on the interstates and mountainous highways which characterize Wyoming (Mashhadi, Wulff, & Ksaibati, 2018) . The steep downgrades and curves which are features of mountainous highways place additional challenges on drivers. This increases the crash risks on mountain highways compared to level, straight highways. The causes of crashes on downgrades are varied but have been mainly attributed to inexperienced downgrade driving, defective brakes and inadequate signing (Myers, Irving, & Walter, 1981) . Other factors related to environment and highway geometry have been cited as well (Ahmed, Huang, Abdel-Aty, & Guevara, 2011) .
Trucks are especially vulnerable on downgrades because of their large sizes and the heavy loads they carry. Large trucks may weigh as much as 20-30 times passenger vehicles and are also taller which invariably increases their odds of crashes on downgrades. Also, large trucks can run out of control on downgrades due to an inability to stop as a result of brake failure. Brake failure on downgrades is attributed to brake heating, failure to downshift, and mechanical failure (Myers et al., 1981) Driver factors and attitudes no doubt play a significant role in crashes on downgrades. Speeding has generally been identified as a factor in most crashes (Abdel-Aty et al. 2005; Elvik, Amundsen, & Hofset, 2001 ). An analysis of the 2015 safety statistics indicates that 48,613 drivers were involved in 32,166 fatal crashes in which 35,092 people lost their lives. Of this number, 18% of drivers were found to be speeding at the time of the crash, and 27% of those killed were in a crash involving at least one speeding driver (NHTSA, 2018b).
A study conducted by Lill to investigate unusually severe truck crashes on downgrades identified several primary factors which appear repeatedly for downgrade crashes. Key among the finding was drivers who were inexperienced or unfamiliar with the specific area and downgrades accounted for 43% of the crashes recorded (Lill, 1977) . Failure to downshift on the grade, and excessive speed were found in 82% of the crashes identified. Other factors identified were driver impairment, defective trucks or brakes, and inadequate signing.
Conclusions drawn from Lill's and other studies were that warning signs can potentially be effective in preventing downgrade crashes since they mitigate the significant factors (driver unfamiliarity and speeding) identified (Johnson, Myers, DiMarco, & Allen, 1982; Myers et al., 1981) .
Warning signs are used as an important tool for educating road users. They also help in enforcement by assisting in the implementation of traffic laws. Most importantly, warning signs caution drivers about the locations and dangers associated with hazardous sections of highways.
There has been a lot of research effort in evaluating the efficacies of geometric safety improvements such as lane widening, shoulder widening, lane width improvement (Al-Masaeid & Sinha, 1995; Labi, 2011) two-way left turns, vertical curve flattening (Hovey & Chowdhury, 2005) , among many others. Other safety effectiveness studies have focused on intersections, bypasses, and cross-sectional elements (Bauer & Harwood, 2000; Elvik, 2008; Zeeger, Hummer, Herf, Reinfurt, & Hunger, 1987) . Comparatively, relatively fewer research efforts have been undertaken with regards to the safety effectiveness of advance warning signs. Bowman (1993) found that majority of advance warning devices used by highway agencies were not evaluated by formal effectiveness studies but are simply assumed to be effective by most agencies. Veneziano and Knapp (2016) noted that the impact of only a few commonly used static warning signs has been studied and documented by any state-of-the-practice approach with robust results. The study rated the most previous research on the safety effectiveness of warning signs as having low or medium reliability. Carson, Nee, and McCormack (2005) researched the safety effectiveness of ice warning signs and concluded that the signs appear to have a statistically significant effect on traffic speeds, lane change, and braking activity even though drivers were oblivious to their existence. Hallmark, Hawkins, and Smadi (2015) evaluated the effect dynamic speed signs on curves had on vehicle approach speeds in different states and concluded the warning signs were generally effective in decreasing speeds. Al-Kaisy (2006) in studying the efficacy of static warning signs for occasional hazards conducted a survey by a questionnaire sent to all 50 state Departments of Transportations (DOTs) and 2 Canadian provinces. Results from the 28 responding DOTs suggested that most states are not assured about the effectiveness of static warning signs for occasional hazards. The survey results, however, indicated that most responding DOTs found the use of unconventional warning devices to be effective. Another study of selected warning devices for reducing truck speeds suggests signs targeted at trucks such as "truck tipping" warning signs and flashing lights mounted above and below a "truck tipping" sign reduce truck approach speeds (Middleton, 1994) .
The above discussion is a review of some studies conducted on the safety effectiveness of warning signs. The studies agree to varying degrees that warning signs are important in reducing crashes though their effectiveness have not been quantitatively evaluated in most instances. The authors in reviewing literature for this study did not find any research work targeted specifically on downgrade warning signs, which suggests a research gap in the safety effectiveness studies. This study was motivated by the need to assess the safety effectiveness of downgrade warning signs to prevent the incidence of downgrade crashes. This was achieved by calibrating crash frequency models for trucks and other vehicles. Estimating the safety effectiveness advance warning signs installed on downgrades will help identify signs which are effective in countering crashes on downgrades. The results of this study will also serve to enhance knowledge on the installation and use of downgrade warning signs as recommended by the MUTCD.
Methodology
With most crash data being in the form of non-negative integers, Poisson regression is mostly a starting point for any regression model. Poisson regression modeling is a technique that overcomes the ordinary least square (OLS) requirement for constant variance and normal distribution. However, Poisson regression models restrict the mean to be equal to the variance, which may result in biased and inconsistent coefficient estimates in the presence of over-dispersed data (Lord & Mannering, 2010) .
The negative binomial (NB) regression model, which is an extension of the Poisson regression model, is able to overcome the deficiency of possible over-dispersion in the data. An overdispersion parameter is introduced in the NB model to account for dispersion in the data. The NB regression model is derived from the Poisson regression model which is specified as follows:
where; Pðy i Þ is the probability of a roadway entity i having y i crashes within a time period and λ i is the Poisson parameter for roadway entity i. Rewriting the Poisson parameter for each observation gives the NB regression model. This is written as:
where; EXPðεiÞ is a gamma distributed error term with a mean of 1 and a variance α. The addition of the gamma-distributed term allows the mean to differ from the variance in the NB regression model.
The safety effectiveness of warning signs can be calculated using the elasticity of the parameter estimates obtained from regression models (Donnell, Porter, & Shankar, 2010; Labi, 2011) . Elasticity is a measure of the responsiveness of one variable change to a change in another (Washington, Karlaftis, Mannering, & Fred, 2011) . In the context of the warning signs, elasticity is interpreted as the percent change in expected crash frequency resulting from a 1% change in a continuous explanatory variable. The elasticity of the dependent variable Y with respect to an independent variable X is given by:
Elasticity for indicator variables, also known as pseudo-elasticity, refers to the percent change in expected crash frequency given a change in the value of the indicator variable from zero to unity. This is defined as:
Elasticity is a useful measure of effectiveness because it is dimensionless unlike an estimated regression parameter, which is dependent on the units of measurement (Washington et al., 2011) .
To select between the Poisson and negative binomial regression models, model fit statistics and the significance of the dispersion parameter were analyzed. The model fit statistics analyzed for this study were the log-likelihood statistic and the Akaike Information Criterion (AIC).
Model validation was undertaken using the leave-one-out cross-validation (LOOCV) technique. The LOOCV technique was chosen due to the limited data size. This approach provides a method to estimate generalization errors and allows for comparison between models. In this technique, one observation is selected as the test set with all other observations considered as the test set. A prediction is made for the point after which the error is then computed. This procedure is repeated for all the observations and an average error is estimated to evaluate the model.
Data
The first step in the analysis involved the identification of hazardous downgrade sections. The Manual on Uniform Traffic Control Devices (MUTCD) specifies the combination of downgrades and lengths deemed hazardous to road users. These hazardous downgrades must meet any of the following criteria (FHWA, 2009):
• a 5% grade that is more than 3,000 ft. (914.4 m) in length,
• a 6% grade that is more than 2,000 ft. (609.6 m) in length,
• a 7% grade that is more than 1,000 ft. (304.8 m) in length,
• an 8% grade that is more than 750 ft. (228.6 m) in length, and
• a 9% grade that is more than 500 ft. (152.4 m) in length.
The Wyoming Department of Transportation (WYDOT) maintains a database containing general roadway geometric characteristics, route numbers, mileposts (MPs), elevations, and vertical and horizontal alignment information. Grades for different sections were computed using information from the WYDOT database. The grade between two different locations was computed from their elevations and MPs from (Equation 1):
The calculations allowed a graphical plot of gradient against mileposts to be generated for each route to help identify grades that met the MUTCD criteria. A typical plot on US 16 is as shown in Figure 1 .
The length and grade combination of each section was then examined to assess if it met the MUTCD criteria requiring the installation of a steep grade warning sign. Online video logs from Pathway Services Inc. were used to visually check the routes selected and information on grades as well as signage at the various locations. Eleven years of crash data for each section was obtained from the Critical Analysis Reporting Environment (CARE) package. The CARE package provides information on historical accident data from crash reports and is used by many DOTs across the nation to analyze and present crash information. Information such as crash severity, date, vehicle type, location, and crash circumstances was gathered for the selected downgrade sections. Geometric characteristics were also obtained from WYDOT and aggregated to the crash data.
Other information such as number of lanes, passing lanes, MP markers, downgrade direction, start, and end of each downgrade section, posted speed limits, brake check areas, and truck escape ramps were collected. The data set compiled had horizontal and vertical characteristics, cross-sectional, and warning sign information.
Homogenous segmentation
To achieve reliable and accurate results for safety analysis using any cross-sectional method, it is recommended that homogeneous segments be used (AASHTO, 2010; Gross, Persaud, & Lyon, 2010) . Homogenous segments refer to segments with similar characteristics, with each segment homogenous in respect of features such as length, traffic volume, roadway design, and traffic control features (AASHTO, 2010) . Based on the Highway Safety Manual (HSM), a new homogenous segment begins at the center of each intersection or the following criteria: • Beginning of a horizontal curve,
• Point of vertical intersection for a sag or crest vertical curve,
• When there is a change in at least one of the following criteria:
• Average annual daily traffic, • Lane width, • Shoulder width,
To assess the impact of the warning signs and other road characteristics, the above criteria were considered based on a minimum length of 0.10 mile.
Types of advance warning signs
The types and number of installed warning signs were collected on 157 sections of the included routes in the study. All the downgrades considered fulfilled the criteria specified by the MUTCD for installing downgrade warning signs. The categories of advance warning signs collected are shown in Figure 2 . These are:
Hill signs/hill signs with advisory grade or distance plaques
Hill signs (W7-1, W7-1a) are usually placed in advance of downgrades to warn drivers of a steep decline. These signs are frequently used in combination with supplemental signs (W7-2bP, W7-3P, W7-3aP, and W7-3bP) (FHWA, 2009) . Supplemental signs emphasize the use of lower gears and speed at locations where conditions justify extra caution. Hill warning signs are installed on locations where crash experience, or engineering judgment indicate a need. These warning signs were divided into the hill signs alone or the combinations of the hill signs and supplement signs.
Truck escape ramp signs
As can be seen from Figure 2 , this category includes W7-4, W7-4b, and W7-4c. These signs inform drivers, especially truck drivers of the provision of truck escape ramp facilities for use of out of control vehicles. This sign in this study also was used as an indication of the presence of an escape ramp.
Directional warning signs
Warning signs of this type are installed on mountain passes to inform drivers of changes in horizontal alignment and route direction.
Directional sign/directional sign and advisory speed plaque
Most often, directional warning signs were combined with advisory speed plaques or were installed close to speed signs for emphasis on reducing speed. These two groups were combined for the analysis.
Chevron warning signs
These are signs installed to show the edge of the road in dangerous curves and provide an emphasis for sudden changes in horizontal curves. Chevron signs are placed at the actual location of the curve change or bend to assist in safely negotiating such sections. They are usually black arrows placed on a yellow background.
Miscellaneous warning signs
Several other downgrade warning signs were identified during the data collection warning drivers of approaching downgrades. Some of these signs did not have enough observations to categorize them into individual groups. These included lane merges, high wind, route layout, and rollover signs among others. Due to their assorted these signs were placed in a miscellaneous category.
Summary of warning signs and variables
The total length of downgrades considered for the study was 172 miles of mainly two-lane highways, segmented into 1416 sections. However, due to unavailability of warning sign information on some segments, the number of observations used for the analysis was 1232. Three miles of advance warning signs were collected before the start of downgrades along with warning signs within the downgrades. This meant that the total length used for frequency analysis of the advance warning signs was 3,696 miles. Since the warning signs were mostly installed in advance of the downgrade, signs within the downgrade were found to have low frequencies. Warning signs within the downgrade were therefore combined into a single category in the modeling process. A complete list of variables related to warning sign along with their frequencies and normalized information (frequency/mile) are presented in Table 1 .
Apart from the warning signs, variables related to geometric and traffic characteristics of the segments were considered for the analysis. These variables included number of crest curves, lane width, number of sag curves within segments, curve radius and length, average daily traffic (ADT) among others. Tables 2 and 3 show the descriptive statistics of the significant variables.
Estimation results
In this section, the contributory factors to truck and other vehicular (non-truck) crashes will be discussed. Poisson and NB regression models were analyzed for the study. The statistical significance of the dispersion parameter is an indication that the NB models were better fits to the data. Also, AIC values were found to be lower for the NB models suggesting a better fit in comparison to the Poisson model. Comparatively, higher log-likelihood estimates for the NB NB estimation results of the models predicting downgrade crash frequency for trucks and other vehicles areas are presented in Tables 4 and 5 . The tables include the estimated coefficient, standard error, Wald chi-square, and p-value. Most of the presented results are reasonable and intuitive. Interpreting the effect of an explanatory variable for NB models is done in terms of the exponent of the parameter estimate. For instance, a parameter estimate of 0.20 implies that for a unit increase in that independent variable, the expected number of crashes will increase by a factor of exp(0.20) = 1.22% or 22% while holding all the other variables in the model. Conversely, a parameter estimate of −0.20 indicates that for a unit increase in the independent variable of interest, the expected crash frequency is expected to decrease by 1 − exp(−0.20) = 0.18% or 18% while holding all other variables in the model constant.
Negative binomial model for truck crash frequency
The first analysis was conducted by incorporating only truck crashes. It is hypothesized that because trucks are prone to crashes on downgrades due to their sizes and loads, truck drivers pay close attention to specific warning signs related to trucks and the downgrade geometry. Though other vehicle drivers consider all warning signs, they may not pay as close attention to the downgrade-specific warning signs as truck drivers do. Also, the literature recommended that the crashes be analyzed separately due to the uniqueness of the contributory factors of each crash type. The significant variables in this analysis were divided into roadway characteristics and warning signs. Table 4 shows the estimation results of the NB model for truck crashes. 
Roadway characteristics

Average grade
The parameter estimate for average grade was found to be significant with a positive coefficient, indicating that higher grades are associated with higher truck-related crashes. The results suggest that an increase in the vertical grade by 1% will result in an increase in truck crashes by a factor of 1.32 [exp(0.277)] given that the other variables are held constant. The result is expected because trucks are much more prone to crashes on downgrades due to brake failure. This result is consistent with findings in the existing literature (Bowman & Coleman, 1989; Johnson et al., 1982) . Table 4 suggests that superelevation is positively associated with truck crash frequency on downgrades. A unit change in superelevation will result in an increase in truck crashes by up to a factor of 1.05 [exp(0.047)] while holding all other variables in the model constant. This result is intuitive because it is known that trucks have higher risks of over-turning or toppling on curves due to their high center of gravity and are difficult to control on curves (Khattak, Schneider, & Targa, 2003; Mcknight, Bahouth, Mcknight, & Bahouth, 2009 ). The results somehow confirm findings by Stimpson (1977) which showed that the interaction between superelevation with other factors such as improper speed selection leads to an increase in crashes. However, a study conducted by de Milliken and de Pont (2005) concluded that a 1% increase in superelevation could reduce heavy vehicle loss-of-control crash risk while cornering. It should be noted that for two-lane highways, only one superelevation is constructed along a cross-section of the road, which would result in more challenges while cornering. The adverse effects of downgrade-curve interaction and high superelevation at curves is another phenomenon which may be a major reason for this finding. 
Superelevation
Deflection angle
Deflection angles occur by setting two tangents in a horizontal curve. Higher deflection angles result in a longer and smoother curve, which would consequently increase the crash risk by encouraging speeding. The positive parameter estimate for deflection angle is thus expected. The analysis suggests that a one-degree increase in deflection angle will result in about a 2.4 increase in truck crash frequency. This finding is consistent with existing literature and engineering intuition (Hauer, 1999) .
Passing lane
The passing lane variable was shown to have a significant impact on the frequency of truck-related crashes. The negative sign of the coefficient suggests that the presence of a passing lane decreases the frequency of truck-related crashes by about 47% for each unit of passing lane added while holding all other variables in the model constant. A passing or overtaking lane is provided closest to the farthest left lane. As traffic level increases and the opportunities for passing become more restricted, passing lanes provide an effective means in allowing safe overtaking (AlKaisy & Freedman, 2011) . Also, passing lanes provide opportunities for trucks experiencing brake failure to safely maneuver while avoiding traffic.
Traffic characteristics
ADTT
The positive sign of average annual daily truck traffic (ADTT) indicates that road segments with high truck traffic experience higher truck-related crashes. This is an expected result as greater numbers of trucks on downgrades increases the risk of a crash occurring due to brake failure, and an increased vehicle-vehicle interaction. However, Milton and Mannering (1998) have found that an increase in the percentage of truck traffic is associated with a decrease in crashes. They argued that as the percentage of trucks increase in the traffic stream in relation to cars, the frequencies of vehicle overtaking, and lane changes decrease, reducing the risk of crashes.
Warning signs
Warning signs within downgrade
As discussed previously, observations for warning signs within the downgrade segments were low. This necessitated combining all the warning signs within the downgrade segments into one category. Warning signs installed within downgrades were found to be statistically significant at a 5% significance level for truck-related crashes. The positive coefficient of these warning signs indicates a positive association with higher truck crash frequencies. This does not mean these signs increase crashes, but the positive coefficient may only suggest that such warning signs are installed on blackspots; areas known to have high crashes. The positive parameter estimate of this variable may also be the result of confounding brought about by the different groupings of warning signs in this category.
Miscellaneous warning signs
Miscellaneous downgrade signs were found to be significant when installed in advance of downgrades. The results suggest an increase in miscellaneous downgrade signs is associated with higher truck crashes. The result is unexpected but may be an indication that such downgrade signs are installed on locations with high frequencies of crashes.
Hill sign combination with downgrade and distance advisory plaque
The results indicated that the hill sign combination with downgrade and distance advisory plaque (W7-1 + W7-3aP) significantly reduce truck-related crashes. A unit increase in the number of this sign will lead to an estimated decrease of truck crashes by 36% while holding all variables in the model constant. This may be due to this sign being easily recognizable and the extra information provided on these sign types.
Truck escape ramp signs
Truck escape ramp signs were found to be associated with a decrease in truck crash frequency on downgrades. Truck escape ramps allow vehicles, especially trucks that have run out of control due to brake problems to come to a safe stop. These ramps are predominantly installed on downgrades where the incidence of truck runaways is high (Witherford, 1992) . The warning sign may not by itself reduce truck crashes, but the presence of truck escape ramps may have engendered this effect. This is because segments with truck escape ramps observe fewer truck crashes in comparison to locations without the ramps. The parameter estimate suggests that a unit increase of a truck escape ramp sign will reduce truck crashes by about 44% while holding all other variables in the model constant.
Directional and speed combination advisory sign
The directional and speed plaque advisory sign was found to be related to a decrease in truck crashes on downgrades. A unit increase in the frequency of this sign is associated with a 32% decrease in the number of truck crashes while holding all variables in the model constant. This warning sign is important on downgrades due to the winding nature of such terrain which also requires low operating speeds.
Graphical representation of variable impacts on truck crashes
To visually represent the effect impact of a unit change of the independent variable on truck crashes, a radar chart is shown in Figure 3 . The impact is in terms of the exponent of the parameter estimate of the independent variable. That is exp(β) for positive estimates or 1-exp(β) for negative parameter estimates.
Negative binomial model for other vehicles (non-trucks) crash frequency
The second analysis was conducted to identify the effects of variables on other vehicular crash frequency. Several variables were found to impact the frequency of other vehicular crashes including curve length and type, superelevation, tangent length, presence of passing lane, ADTT and several warning signs.
Roadway characteristics
Downgrade length
Downgrade length was shown to have a significant influence on non-truck crashes. As can be seen from Table 5 , the positive sign of the parameter estimate for downgrade length indicates that increasing the downgrade length is associated with a higher occurrence of crashes. The result suggests that for every mile of downgrade length, the expected crash frequency will increase by a factor of 38.6 (using the unstandardized downgrade length) while holding all other variables in 
Curve type
The results from Table 5 indicates that curve type is statistically significant at the 0.95 confidence level. The results show that crest curves are associated with a decrease in the frequency of nontruck crashes compared to level sections. It was found that a unit increase in slope leads to about a 15% decrease in crashes if all other variables in the model are held constant. This, in the context of improving traffic does not offer much information; it cannot be recommended that more crest curves be constructed. The results may buttress the point that downgrades dominated by sag curves have higher risks of crashes occurring on them.
Superelevation
Like the results obtained for truck crash frequencies, superelevation was found to be positively associated with an increase in other vehicle crashes. The results suggest a factor of 1.08 increase in the number of expected crashes for a 1% increase in superelevation on downgrades.
ADTT
As expected, ADTT is positively associated with an increase in the number of crashes on downgrades. The explanation of the effect of ADTT on truck crashes holds for these types of crashes. However, the effect of ADTT on non-truck crashes was found to be marginal. A unit increase of ADTT results in an expected increase of crashes by a factor of 1.002 given all other variables in the model are held constant. This factor increases with increasing truck traffic. Although ADT and ADTT were included in the preliminary analyses, only ADTT was found to be significant in the final model.
Passing lane
The effect of passing lane on crash frequency is similar to what was found for trucks. The results suggest that for a unit increase in the number of passing lanes, the expected crash frequency will decrease by 17% while holding all the other variables in the model constant.
Warning signs
Presence of downgrade warning signs
This category of warning signs refers to downgrade-specific or truck-specific warning signs (hill sign and combinations, truck escape ramp signs, truck speed signs, etc.) installed predominantly on hills. For this analysis, they were considered present if they were installed 0.5 miles or less in advance of downgrades. They exclude speed limit, directional, chevron, lane merges, and high wind warning signs. This variable was created to assess the impact of general downgrade signs on crashes. The presence of a downgrade warning sign was found to significantly reduce non-truck related crashes. This may be an indication that the downgrade warning signs specified are effective in preventing non-truck crashes even though they are targeted at larger vehicles crashes.
Hill sign (W7-1)
The hill sign was found to have a negative influence on the frequency of other vehicle crashes on downgrades. The results show that by adding a hill sign, the expected frequency of non-truck crashes will decrease by about 43%. This finding indicates that hill signs do not only impact truck crashes but other crashes as well. A plausible explanation for this result is that drivers become aware of possible truck traffic in the presence of the hill sign. Also, the hill sign is well known to motorists who drive on mountain passes and is an indication of an upcoming difficult terrain. These reasons may lead to cautious driving, thus resulting in a decrease in crash frequency.
Chevron warning sign
The negative coefficient for Chevron warning signs installed before downgrades for the non-truck crash frequency model indicates that sections with higher numbers of chevron warning signs generally experience fewer crashes. The results suggest installing a Chevron sign in advance of a downgrade will lead to about an 11% reduction in non-truck crashes while holding all other variables constant. This is expected because Chevron warning signs which alert drivers to sudden changes in horizontal alignment are associated with a decrease in travel speeds in order to safely negotiate such geometric changes. Reducing speed while traveling over mountain passes is highly recommended to decrease the probability of run-off road crashes. Other studies have confirmed this finding where Chevron signs have been found to reduce crashes by up to 50% (Lalani, 1992) . Figure 4 is a radar chart showing the impact of a unit change in the independent variables on nontruck crash frequency. Again, the impact is expressed in terms of the exponent of the parameter estimate of the independent variable.
Graphical representation of variable impacts on non-truck crashes
Elasticities and safety effectiveness of identified factors
After the crash prediction models, crash reduction and safety improvements were estimated by elasticity estimated from the regression parameters. The result of the elasticity analysis is shown in Table 6 .
The results show that passing lanes are the most effective measures in preventing truck crashes on downgrades. For warning signs, directional and speed advisory combinations, truck escape ramp and the hill combination signs were found to be effective. In terms of non-truck crashes, curve type, passing lanes, general downgrade warning signs, hill signs, directional and speed advisory combination signs, and chevron signs were all effective in reducing crash frequency. The highest effect was found from hill signs, followed by directional and speed advisory combination signs.
Bar charts are provided in Figures 5 and 6 to graphically show the elasticity of variables which were found to reduce crash frequency. The elasticities represent the percent reduction of crash frequency for a 1% change in the independent variable.
Conclusions and recommendations
The high cost of crashes, especially on downgrades to the society justifies evaluating the safety effectiveness of warning signs. This paper presented comprehensive crash prediction models incorporating warning signs, geometric and traffic variables from which safety effectiveness was analyzed. Though the study focused on warning signs, other factors identified could be useful in understanding the impacts of those variables on downgrade crash frequencies. The study found that there is empirical evidence to justify the installation of advance warning signs for downgrades. Specifically, the study found that: Chevron warning sign Figure 4 . Impact of independent variables on non-truck crashes.
• Warning signs were more effective when they are installed in advance of downgrades in comparison to warning signs installed within the sections. Signs installed before downgrades were found to be effective not only in reducing truck crashes but other vehicular crashes as well.
• The directional and speed plaque combination sign was found to be the most effective sign in reducing truck crashes on downgrades. Truck escape ramp signs and hill combination signs were also shown to reduce truck crash frequencies. The results of the elasticity analysis indicate that these signs can reduce truck crashes from about 6% to 17%.
• For non-truck crashes, chevron, hill, directional and speed plaque combination sign, and presence of a downgrade warning sign were found to be effective in reducing crashes on downgrades. The elasticity analysis suggests that the presence of a downgrade sign (within 0.5 miles) in advance of the downgrade has the highest safety effect of about 28% on nontruck crashes. Overall, the warning signs identified were found to have a safety effectiveness of about 2% to 28% for non-truck involved crashes. • The analysis showed that the presence of a passing lane has a significant effect on reducing both truck and non-truck crash frequencies on downgrades. The findings also indicate that crest curves reduce other crashes on downgrades.
• Despite the analysis showing that general installation of warning signs reduces crash frequencies, a lot of thought should go into the locations and numbers installed. Installing many warning signs than needed may result in drivers losing their respect for them and disregarding pertinent information in the process (FHWA, 2009 ).
• Intelligent Transportation Systems (ITS) may be used along with the current warning sign regime on mountain passes in Wyoming. Such ITS measures include warning systems with the ability to communicate speeds and weights to large vehicles fitted with transponders, thermal imaging of heavy vehicle brakes on brake check areas, speed feedback systems to alert drivers of heavy vehicles when they exceed the safe speed at a location, and the potential use of invehicle telematics.
Having discussed which warning signs are effective in preventing crashes on downgrades, it is important to note that not all the important warning signs were statistically significant in this study. This may have been due to a lack of variation observed for these warning signs to be significant in the models. Equally important is that warning signs function as a system and not individually. This concept was not pursued in this study due to data limitations.
For future studies, the safety evaluation of warning signs should be linked to the importance that drivers place on them. This may need a comprehensive psychological evaluation to understand the preventative impact of the warning signs. Other studies should on completely assessing the safety impacts of warning signs based not only on crash frequency but also on crash severity.
Also, the impact of warning signs on crash severity may be analyzed in a future study. Though several studies have used count models such as the Poisson and NB models to predict crash frequencies, their use in crash severity analysis has been limited. The use of count models in crash severity analysis is complicated because the counts of crash in each severity level are not independent. This implies that the correlation among specific injury crash counts must be taken into account (Anastasopoulos & Mannering, 2011) . Therefore, methodological approaches such as multinomial logit models, ordered logit models, mixed logit models, and ordered probit models are preferred for crash severity analysis.
